Cellobiose phosphorylase, a member of the glycoside hydrolase family 94, catalyses the reversible phosphorolysis of cellobiose into α-D-glucose 1-phosphate and D-glucose with inversion of the anomeric configuration. The substrate specificity and reaction mechanism of cellobiose phosphorylase from Cellvibrio gilvus have been investigated in detail. We have determined the crystal structure of the glucose-sulphate and glucose-phosphate complexes of this enzyme at a maximal resolution of 2.0 Å (1 Å = 0.1 nm). The phosphate ion is strongly held through several hydrogen bonds, and the configuration appears to be suitable for direct nucleophilic attack to an anomeric centre. Structural features around the sugar-donor and sugar-acceptor sites were consistent with the results of extensive kinetic studies. When we compared this structure with that of homologous chitobiose phosphorylase, we identified key residues for substrate discrimination between glucose and N-acetylglucosamine in both the sugar-donor and sugar-acceptor sites. We found that the active site pocket of cellobiose phosphorylase was covered by an additional loop, indicating that some conformational change is required upon substrate binding. Information on the three-dimensional structure of cellobiose phosphorylase will facilitate engineering of this enzyme, the application of which to practical oligosaccharide synthesis has already been established.
INTRODUCTION
The enzymes involved in oligo-and poly-saccharide degradation and synthesis can be categorized into two major classes of Carbohydrate-Active enZymes, GH (glycoside hydrolases) and GT (glycosyl transferases) [1] (see CAZy website at http://www. cazy.org/CAZY). Enzymes of a third class, phosphorylases, catalyse phosphorolysis at glycosidic bonds, generating glycosylphosphates. This reaction is reversible, since the energy of a glycosyl-phosphate bond is not as high as that of a glycosylnucleotide bond, which acts as the sugar-donor for general GTs. Therefore, phosphorylases can be employed for both the synthesis and degradation of sugar chains.
Phosphorylases are found in both the GT and GH classes. GTtype phosphorylases have a similar fold and catalytic mechanism as GT enzymes. For example, glycogen phosphorylase (GT-35) has a GT-B fold [2] [3] [4] [5] and also exhibits a strong resemblance in its active site to typical GT enzymes, such as OtsA (GT-20) [6] and glycogen synthase (GT-5) [7] . GH-type phosphorylases, such as GH-13, GH-65 and GH-94, have structures and catalytic mechanisms similar to those of GH enzymes. For example, maltose phosphorylase (GH-65) and ChBP [chitobiose (GlcNAcβ1-4GlcNAc) phosphorylase; GH-94] share a glucoamylase-like (α/α) 6 -barrel fold [8, 9] , and their proposed reaction mechanisms are similar to those of hydrolytic enzymes with the exception of molecules attacking the C1 atom (the hydroxyl ion in hydrolytic enzymes; the phosphate in phosphorylases).
CBP (cellobiose phosphorylase) catalyses the phosphorolysis of cellobiose into Glc 1-P (α-D-glucose 1-phosphate) and D-glucose, with inversion of the anomeric configuration. CBP also possesses cellobiose synthesis activity, using Glc 1-P as its sugardonor and glucose as its sugar-acceptor. CBP has been classified into the GH-94 family, along with homologous ChBP, CDP (cellodextrin phosphorylase), and cyclic-1,2-glucan synthase. Since none of these showed hydrolytic activity, GH-94 enzymes were formerly regarded as GT enzymes (GT-36). However, determination of the three-dimensional structure of VpChBP (chitobiose phosphorylase from Vibrio proteolyticus) revealed that it bore structural and mechanistic similarity to GH-15 glucoamylase and GH-65 maltose phosphorylase [8, 10] . These findings led to the reclassification of GT-36 into a novel GH family, GH-94.
CgCBP (CBP from Cellvibrio gilvus) is the most studied enzyme in the GH-94 family [11] [12] [13] [14] [15] [16] [17] . CgCBP consists of 822 amino acid residues with a 33 % identity with the amino acid structure of VpChBP. Its substrate specificity, especially its sugaracceptor specificity in synthetic reactions, has been investigated in detail. Knowledge of the characteristics of this enzyme enabled us to synthesize several hetero-oligosaccharides {e.g. the branched trisaccharides, [Glcβ1-4(Glcα1-6)Glc)]} [17] . To better understand the function of CgCBP in practical oligosaccharide synthesis, it is necessary to determine its three-dimensional structure. In the present paper, we report the three-dimensional structure of two sugar-anion complexes (glucose-sulphate and glucose-phosphate) of CgCBP. The latter is the first such determination of a Abbreviations used: CBP, cellobiose phosphorylase; CDP, cellodextrin phosphorylase; CgCBP, CBP from Cellvibrio gilvus; CgCBP-SO 4 , CgCBP structure complexed with sulphate; CgCBP-PO 4 , CgCBP structure complexed with phosphate; ChBP, chitobiose phosphorylase; CuCBP, CBP from Cellulomonas uda; GH, glycoside hydrolase; Glc 1-P, glucose 1-phosphate; GT, glycosyl transferase; rmsd, rootmean square deviation; VpChBP, ChBP from Vibrio proteolyticus. 1 To whom correspondence should be addressed (email asfushi@mail.ecc.u-tokyo.ac.jp).
The atomic co-ordinates and structure factors of CgCBP-SO 4 and CgCBP-PO 4 have been deposited with the RCSB Protein Data Bank under accession codes 2CQS and 2CQT respectively. 
, where I(h,i) is the intensity of the ith measurement of reflection h and I(h) is the average value over multiple measurements.
‡ Calculated using a test data set; 5 % of total data randomly selected from the observed reflections.
sugar-phosphate complex structure for an inverting phosphorylase. These structures have enabled us to examine the structural and functional differences between CgCBP and VpChBP.
MATERIALS AND METHODS

Sample preparation, crystallization and data collection
Production and purification of the CgCBP protein were performed as described in [18] . CgCBP crystals were obtained at 25
• C using the sitting-drop vapour-diffusion method by mixing 2 µl of a protein solution (10 mg/ml) with 2 µl of a reservoir solution consisting of 1.5 M ammonium sulphate, 0.1 M Mes/NaOH (pH 6.5) and 5 mM glucose (for CgCBP-SO 4 ), or 0.8 M sodium/potassium phosphate (pH 8.2) and 10 mM glucose at 4
• C (for CgCBP-PO 4 ). The crystals were transferred to a reservoir solution containing glycerol [20 % (v/v) for CgCBP-SO 4 , and 40 % (v/v) for CgCBP-PO 4 ] and flash-cooled in a stream of cold nitrogen gas at 100 K. X-ray-diffraction data sets were collected using synchrotron radiation [beam line BL-5A and NW12A, Photon Factory, High Energy Accelerator Research Organization (KEK), Tsukuba, Japan], and these data sets were processed and scaled using HKL2000 [19] . Data collection and processing statistics are shown in Table 1 .
Phase calculation and refinement
Phase calculation was performed by molecular replacement with program MOLREP [20] in the CCP4 program suite [21] against the data set of CgCBP-SO 4 . The crystal structure of VpChBP (Protein Data Bank entry 1V7W) was used as a search model. Program ARP/wARP [22] was used for automatic model building. The structure of CgCBP-PO 4 was refined starting from the refined CgCBP-SO 4 structure. Visual inspection of the models was performed using XtalView [23] . Simulated annealing, energy minimization, and individual B factor refinement were carried out using CNS1.1 [24] . The Figures were prepared using MOLSCRIPT [25] , RASTER3D [26] , XtalView, SPOCK [27] , and PyMol [http://www.pymol.org]. Superimposition of CgCBP and VpChBP structures were carried out with program TOPP [29] in the CCP4 program suite.
Enzyme assays and kinetic analysis 1,5-Anhydroglucitol, isomaltose, and melibiose were purchased from Sigma-Aldrich. Measurement of the synthetic reaction was carried out as described previously [11] . The initial rate was assayed at 37
• C in 50 mM Tris/HCl (pH 7.0) by measuring the amount of phosphate released from 10 mM Glc 1-P with a suitable concentration of a glucosyl acceptor [30] . The kinetic parameters were calculated by regressing the experimental data by the curve fit method using GraFit Version 4.0 (Erithacus Software, Surrey, U.K.).
RESULTS AND DISCUSSION
Crystallography and overall structure
CgCBP crystals were obtained either complexed with sulphate (CgCBP-SO 4 ) or complexed with phosphate (CgCBP-PO 4 ). CgCBP-SO 4 and CgCBP-PO 4 structures were determined at 2.0 and 2.1 Å (1 Å = 0.1 nm) resolution to R factor (R free ) of 17.6 % (21.3 %) and 18.0 % (22.0 %) respectively (Table 1 ). The crystals belong to the space group P2 1 and contain two subunits per asymmetric unit ( Figure 1A ). The structures of the four subunits (CgCBP-SO 4 chain A/B and CgCBP-PO 4 chain A/B) are almost identical. The rmsd (root-mean square deviation) for Cα atoms between all pairs of these subunits was within 0.3 Å.
The two molecules in an asymmetric unit form a dimer (Figure 1A) , which seems to correspond to the dimeric form in solution [31] . The rmsd for Cα atoms between the dimer was 0.27 Å, both in CgCBP-SO 4 and CgCBP-PO 4 . The two subunits are tightly connected through hydrophobic interactions and a number of hydrogen bonds. Upon dimer formation, 3200 Å 2 of solventaccessible surface area (12 % of the total monomer surface) is buried. This dimer form is similar to that of VpChBP. Since the residues involved in dimer interaction are conserved, as well as contributing to the formation of the active-site pocket (see below), it is likely that GH-94 CBPs from other sources also form dimers, although some CBPs have been reported to be monomeric in solution [32, 33] . Figure 1 (B) shows a ribbon diagram of the monomeric structure of CgCBP-PO 4 , consisting of 822 amino acid residues from the original N-terminal methionine residue; an additional sequence, carrying a His 6 -tag at the N-terminal end, is disordered. Structurally, the CgCBP monomer exhibits a complex architecture, consisting of four distinct regions, similar to that of VpChBP: an N-terminal domain (residues 1-289), a helical linker region (residues 290-320), an α-helix barrel domain (residues 329-745), and a C-terminal domain (residues 321-328 and 746-822). The rmsd between CgCBP and VpChBP is 1.58 Å for the Cα atoms of 766 residues.
Complex structures with SO 4 and PO 4 We have previously reported the ternary (protein-sugar-anion) structure of VpChBP, complexed with two GlcNAc, at subsites − 1 and + 1, and an SO 4 anion [8] . The SO 4 -binding site was located in the vicinity of the N-termini of two helices, making it also suitable for other anions, such as chloride or PO 4 . Due to the similar shapes and electrostatic properties of phosphate and sulphate ions, it is likely that the SO 4 -binding site is also the PO 4 -binding site.
We were able to obtain two protein-sugar-anion complex structures of CgCBP, CgCBP-SO 4 and CgCBP-PO 4 , in which the SO 4 and PO 4 were derived from the precipitants used for crystallization. The SO 4 or PO 4 was located at the anion-binding site, and a glucose moiety was located at subsite + 1 (Figures 2A and B) . Kinetic analysis has shown that the binding affinity of subsite − 1 for glucose is much weaker; the K i of glucose to subsites − 1 and + 1 has been estimated to be 170 mM and 3.0 mM respectively [34] . The glucose molecule at subsite + 1 takes on a chair ( 4 C 1 ) conformation in both of the CgCBP complex structures. This glucose overlaps with the GlcNAc molecule at subsite + 1 in the VpChBP structure ( Figure 2C ), enabling us to compare sugar recognition at this site in detail (see below). Interestingly, the CgCBP-PO 4 contained a glycerol at subsite − 1 ( Figure 2B ; see below), whereas subsite − 1 of CgCBP-SO 4 was empty.
The bound forms of SO 4 (Figure 3) . Interestingly, the orientations of the bound SO 4 and PO 4 are different, in that one P-O bond points to His 666 , whereas one S-O bond points in the opposite direction (Figure 3) . The pH values for crystallization (pH 8.2 for CgCBP-PO 4 and pH 6.5 for CgCBP-SO 4 ) suggest that the anions are probably in states with two negative charges (HPO 4 2− and SO 4 2− ). Therefore, the different orientations of the bound anions may be caused by an interaction with glycerol, which was present only in CgCBP-PO 4 , not by different charge states.
In PO 4 recognition, three hydrogen bonds, i.e. those with the side-chain hydroxy group of Thr 731 , the main-chain NH group of Gly 732 , and the N H group of Arg 351 , hold two of the four oxygen atoms of PO 4 (indicated by arrowheads in Figure 3) . The other two oxygen atoms, which are positioned differently from those of SO 4 , form two additional hydrogen bonds, one with the N δ atom of His 666 and the other, which is held by Gln 712 and glycerol (circled in Figure 2C ), appears to be suitable for the direct attack on the C-1 atom of glucose at subsite − 1. The structure of the CgCBP-PO 4 complex supports our hypothesis that the reaction mechanism of inverting phosphorylases begins with direct nucleophilic attack by phosphate on the anomeric centre [8] .
Sugar-donor specificity (subsite − 1)
Subsites − 1 and + 1 in the phosphorolytic reaction of CBP act as sugar-donor and sugar-acceptor sites in the synthetic reaction, respectively. Although we could not obtain a complex structure of CgCBP with glucose at subsite − 1 (sugar-donor site), a glycerol, which was derived from the cryoprotectant, was bound to subsite − 1 in CgCBP-PO 4 . Glycerol occasionally occupies sugar-binding subsites [35] . The carbon and oxygen atoms of glycerol in CgCBP almost completely overlap the C-4 to C-6 and O-4 to O-6 atoms of GlcNAc in VpChBP ( Figure 2C ). The average distance between these atoms was 0.42 Å (maximum 0.65 Å) when the polypeptide chains of CgCBP and VpChBP were superimposed by the least-squares method. Although the sugar ring at subsite − 1 may form a reaction intermediate with an oxocarbonium ion-like conformation during phosphorolysis [8] , the shift of the C-4, C-5, and C-6 positions is likely to be relatively small. Therefore, the structure of the complex with glycerol does not conflict with the reaction mechanism.
Residues surrounding subsite − 1 are basically conserved between CgCBP and VpChBP. At the C-2 position of the substrate sugar, however, they carry a different group, hydroxy in CBP and N-acetyl in ChBP. In the VpChBP structure, Arg 343 and Asp 350 form hydrogen bonds with the N-acetyl group ( Figure 2C ). These residues are conserved in CgCBP (Arg 362 and Asp 368 ), but the arginine side chain is significantly close to the sugar substrate when the two structures are superimposed. This arginine side chain sterically hinders an N-acetyl group at this site (indicated by a black arrowhead in Figure 2C ). These structural features at this subsite are consistent with the substrate specificities of these enzymes, in that CBP cannot accommodate GlcNAc 1-P, whereas ChBP can accommodate both GlcNAc 1-P and Glc 1-P [36] .
Sugar-acceptor specificity (subsite + 1)
The electron density of glucose bound to subsite + 1 (sugaracceptor site) was clear in shape. Therefore, we could confidently The phosphate in CgCBP-PO 4 and the sulphate in CgCBP-SO 4 are coloured pink and green respectively. Broken lines indicate hydrogen bonds between CgCBP and the anion (red for phosphate and cyan for sulphate). The two oxygen atoms held by T731, G732 and R351 are indicated by arrowheads. Single-letter amino acid codes are used. [32] . Values for 1,5-anhydroglucitol, isomaltose, gentiobiose and melibiose were determined in the present study. , and Gln 712/690 residues were conserved. In addition, the Gln 165/168 residue, in the N-terminal domain of the other monomer, was conserved to form the active-site pocket (Figure 2C) . As with the O-1 atom at the reducing end of cellobiose, which shows strict β-anomer specificity [37] , the reducing end O-1 atom of glucose formed a hydrogen bond with Glu 649 of CgCBP (green broken line in Figures 2A and 2B) , and electron density showed that the glucose moiety was exclusively in the β-anomer configuration. In contrast, VpChBP, which shows no anomer specificity at the reducing-end GlcNAc, did not form hydrogen bonds with the O-1 atom of GlcNAc, and electron density showed a mixture of the α-and β-anomer configurations [8] . CgCBP and VpChBP also show distinct specificities for β-substituted sugar-acceptors. Unlike VpChBP, which can phosphorolyse β-substituted chitobioses such as o-nitrophenyl chitobiose [38] , CgCBP cannot [34] ; this is possibly due to the existence of a loop, consisting of residues 495-513, in CgCBP (see below).
Differences in C-2 group specificity at subsite + 1 can be clearly explained by the respective structural features of the two enzymes. The substrate-binding pocket of VpChBP is locally hydrophobic (indicated by a green arrowhead in Figure 2C ). The Val 631 residue is involved in the formation of this small hydrophobic pocket, which contains the methyl portion of the N-acetyl group of GlcNAc. In CgCBP, the area corresponding to the small hydrophobic pocket of VpChBP is filled by a bulky residue, Tyr 653 , which forms a hydrogen bond with the bound glucose. These residues, valine in ChBP and tyrosine in CBP, are fully conserved in each enzyme group.
At subsite + 1 of CgCBP, the kinetic parameters for several analogues of glucose have been determined (Table 2 ). The Gibbs energy of activation difference (the G values) and the net strengths of hydrogen-bonding interactions can be estimated from the differences in catalytic efficiency of enzyme for each analogue compared with that for glucose [32, 39] . The G values of 1,5-anhydroglucitol (4.4 kcal/mol; 1 kcal = 4.184 kJ) and 2-deoxyglucose (3.3 kcal/mol), relative to D-glucose, suggest that the O-1 and O-2 hydroxy groups form strong interactions (probably via hydrogen bonds) with CgCBP. As with some reducing-end-specific carbohydrate-acting enzymes, recognition of the anomeric hydroxy group of CgCBP seems to be necessary to increase recognition position for fixing the reducing end unit [40] . In contrast, the G value of 6-deoxyglucose (1.3 kcal/mol) indicates that the recognition of the O-6 hydroxy group was relatively weak. In addition, removal of the hydroxymethyl group at C-6 decreased k cat /K m 125-fold, with a loss of binding energy of 3.0 kcal/mol. Therefore we estimate that C-6 stabilizes substrate binding by 1.7 (3.0−1.3) kcal/mol, probably via a hydrophobic interaction. Similar kinetic results have been reported for CuCBP (CBP from Cellulomonas uda) [32] . By determining the kinetic parameters for the binding of the 3-deoxy and deoxyfluoro analogues of glucose, the interaction between glucose and CuCBP was predicted to occur through the formation of hydrogen bonds between each hydroxy group and a negatively charged (at O-1, O-3, and O-4) or non-charged (at O-2 and O-6) group, as well as by a hydrophobic interaction at C-6.
These estimates of the strength of interaction were consistent with the structural features of the enzyme. For example, the O-1 and O-2 hydroxy groups of glucose form one strong and two relatively weak hydrogen bonds with CgCBP, respectively, consistent with the estimated G values ( Table 2 ). The hydrogen bond between O-2 and Tyr 653 appears to be weaker than the interactions at O-1 and O-3, probably because Tyr 653 possesses a non-charged side chain. The O-3 hydroxy group of glucose in CgCBP forms a direct hydrogen bond with Glu 659 , and the short distance (2.7 Å) indicates that CgCBP strictly recognizes the C-3 equatorial hydroxy group of glucose. Lys 658 also contributes to the interaction at O-3. The O-4 hydroxy group interacts with Asp 490 , which acts as a general acid in phosphorolysis. In the synthesis reaction, Asp 490 would assist deprotonation of the O-4 hydroxy group of the sugar-acceptor molecule, as predicted for CuCBP. The O-6 hydroxy group does not form any direct hydrogen bonds with CgCBP, but there is a hydrophobic interaction with the guanidium plane of Arg 362 ( Figure 2C) . Consistently, the G value for O-6 is smaller than that of any other hydroxy groups, and replacement with hydrogen increases K m . The O-6 atom in CgCBP is exposed to the solvent, and there is a large open space ahead of it. This structural feature accounts for the ability of CgCBP to synthesize branched trisaccharides by accepting O-6 substituted disaccharides, such as isomaltose (Glcα1-6Glc), gentiobiose (Glcβ1-6Glc), and melibiose (Galα1-6Glc), at this site (Table 2 ) [17] .
Active-site-pocket formation
The active sites of VpChBP and CgCBP are located at the dimer interface between the α-helix barrel domain and the Nterminal domain of the adjacent subunit ( Figure 1A ). The dimer interaction forms a pocket-type active site, which is appropriate for short disaccharide substrates such as chitobiose and cellobiose [8] . Therefore, the substrate specificity of GH-94 enzymes with regard to the degree of polymerization, e.g. the difference between CBP and CDP, seems to be determined by subunit interaction. Figures 4(A) and 4(B) show the molecular surfaces of VpChBP and CgCBP respectively. Although both enzymes phosphorolyse disaccharide substrates, the shape of the entrance to their active sites is different. In VpChBP, the active site pocket is relatively 'open', and the substrates are able to gain access without any structural change of the enzyme. In contrast, the active-site entrance of CgCBP is 'closed', in that it is covered by a long loop consisting of residues 495-513 (loop coloured red in Figure 2C) . This loop, which is found only in CBPs, but not in ChBPs or CDPs, in GH-94, exhibits a relatively high B-factor (30 Å 2 in average), indicating that it is flexible. Therefore, this loop may undergo some conformational change on substrate binding. This structural feature may provide a solution to the problem of discrepancy in the proposed substrate binding order of four very similar CBPs from Cellvibrio gilvus, Clostridium thermocellum, Cellulomonas uda, and Thermotoga maritima (sequence identity > 61 % for each pair) [31, 32, 41, 42] . All of these enzymes are likely to exhibit a random-ordered Bi Bi mechanism, since the movement of the loop covering the active site may have affected inhibition patterns.
